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ABSTRACT 

Smart surfaces that can change their wettability on demand are interesting for applications such as self-

cleaning surfaces or lab-on-a-chip devices. We have synthesized arylazopyrazole phosphonic acids 

(AAP) as a new class of photoswitchable molecules for functionalization of aluminum oxide surfaces. 

AAP monolayers were deposited on -Al2O3(0001) and showed reversible E/Z photo-switching that can 

trigger contact angle changes of up to ~10°. We monitored these changes on the macroscopic level by 

recording the contact angle while the monolayer was switched in situ. On the molecular level, time-

dependent vibrational sum-frequency generation (SFG) spectroscopy provided information on the 

kinetic changes within the AAP monolayer and the characteristic times for E/Z switching. In addition, 

vibrational SFG at different relative humidity indicates that the thermal stability of the Z configuration 

is largely influenced by the presence of water which can stabilize the Z state and hinder E→Z switching 

of the AAP monolayer when it is wetted with H2O. Having established the switching times on the 
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molecular scale, we additionally measured the dynamic contact angle and show that the time scales of 

the substrate and droplet dynamics can be extracted individually. For that, we report on a relaxation 

model, that is solved analytically and is verified via a comparison with simulations of a Lennard Jones 

system and with experimental data. The slower E to Z switching in the presence of the droplet as 

compared to the vapor phase is rationalized in terms of specific interactions of water with the exposed 

AAP moieties. 

INTRODUCTION 

Changing the wetting properties of surfaces dynamically and reversibly is of great interest for 

applications such as self-cleaning surfaces,1 microfluidics2 or lab-on-a-chip devices, just to mention a 

few.3 However, a quantitative description and experiments are challenging when the wetting dynamics 

are dominated by the adaptation of a flexible substrate to a wetting liquid or by the photo-induced 

switching of the solids wettability.4–6 Here, in particular the relevant time scales need to be addressed 

on the molecular level of the interfacial region that causes the wettability change. However, this is often 

challenging as in many systems the wettability change is dominated by the non-equilibrium properties 

of a single molecular layer which are often not accessible in experiments. 

For that reason, wetting of molecular photoswitches such as azobenzene derivatives, diarylethenes7 or 

spiropyranes8 has been addressed mostly under equilibrium conditions. Detailed information on wetting 

dynamics of photoswitchable surfaces as well as on the associated molecular structure changes of photo-

switchable molecular monolayers is, in fact, scarce.9–12 Arylazopyrazoles (AAP) have been recently 

introduced as a new class of photo-switchable molecules that exhibit advantages over existing 

systems.13–16 Similar to azobenzenes,9,12,17–19 AAPs can change their E/Z configuration by 

photoisomerization using 520 nm visible or 365 nm UV light,20–22 but are considered as superior 

analogues to azobenzene derivatives because of their high photostationary states of >90% for switching 

in both directions and their remarkably long thermal half-life times.18,23,24 

Depending on the system under investigation, the light-induced changes of the contact angle Θ vary to 

a large extend. For instance, Kwon et al.25 showed for dye-sensitized TiO2 surfaces that Θ was changed 

reversibly by ~40° when the samples were irradiated with light. This is largely different for 
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nanoscopically flat thin films of polymers having an azobenzene group and fluorinated residues. Groten 

et al.26 demonstrated that the light-induced changes in Θ are <20°, but could be dramatically enhanced 

to >120° when nanorough silicon ’black’ substrates were used. Therefore, the substrate structure and 

morphology can be an important asset to control the wetting properties under light irradiation. This 

suggests that the molecular structure changes of a switchable organic monolayer are similarly important. 

Indeed, this has been demonstrated for self-assembled monolayers (SAM) of azobenzene alkane 

thiolates on Au surfaces. On flat surfaces, the photoswitches in a SAM can be closed packed when the 

growth and formation of the SAM are adjusted accordingly. However, the surface coverage of molecules 

inside the layer can have drastic consequences on their ability to change their structure under light 

irradiation. Moldt et al.19 as well as Valley et al.12 have studied the latter issue systematically and found 

for densely-packed layers of azobenzene moieties virtually no response to light irradiation in their photo-

switching experiments, while ‘diluted’ SAMs exhibited a substantial switching ability. For light-

responsive layers, steric hindrance is likely to impair the layer’s ability to change their structure. In 

addition, to these intrinsic properties of a photo-switchable layer, also the presence of a vapor or a liquid 

phase can influence the switching ability and the switching kinetics quite substantially. This has been 

reported by Moldt et al.9 , who have studied azobenzene alkane thiols SAMs and compared the switching 

of the SAM in vacuum or in dry N2 gas to the response of the same layer in ambient air that naturally 

contained water to some extent. In vacuum, the thermal life time of the Z configuration, which was 

prepared by irradiating the monolayers with UV light, was in the order of minutes but extended to more 

than one day in ambient air. From these observations, the authors concluded that the presence of water 

at the interface can stabilize the Z configuration and, thus, cause an increased thermal life time.9 Because 

of slower thermal relaxation in ambient air, also the photostationary state is different and was 

significantly higher (~67 to 100 % Z) in ambient air in contrast to the situation in vacuum where 

photostationary states of the Z configuration were reported between 50 and 74 % Z. 

In this paper, we report on the use of self-assembled monolayers with a new AAP derivative (Figure 1) 

that has a phosphonic acid headgroup and can be anchored to a -Al2O3(0001) single crystal or any 

other aluminum oxide surface. Whereas many previous works have mostly concentrated on photo-

responsive layers on silicon dioxide or Au surfaces using silanes or thiols, we discuss modification and 
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photoswitching at aluminum oxide surfaces which are of great technological importance. Particularly, 

we study the kinetic changes as well as the changes in the equilibrium surface structures by time-

dependent vibrational sum-frequency spectroscopy (SFG), complementary dynamic contact angle 

measurements and simulations of the wetting behavior. The results that we provide exploit the 

connection between molecular changes at the interface and the dynamic changes in the macroscopic 

contact angle.  

As remarkable and also unexpected result, it turns out that the processes within the photoswitchable 

substrate and at the drop side occur on comparable time scales and are, thus coupled to each other in a 

non-trivial manner. For that reason, we introduce a theoretical framework that allows one to predict the 

time-dependent change in the macroscopic contact angle and which is first verified by comparison with 

simulations of a model system and then applied for quantification of the experimental results. For that 

reason, we can add new information to open questions in adaptive and dynamic wetting. 

 

 

Figure 1. Structures of the E/Z configurations of butyl-AAP-C18 phosphonic acids which are deposited on -

Al2O3(0001) surfaces. The AAP monolayer can be switched using light at wavelengths of 520 nm (green) and 

365 nm (UV). Note that this is a rough sketch of possible E/Z monolayer structures on the substrate. Additionally 

snapshots from MD simulations are shown for a drop of water molecules on butyl-AAP-C18 phosphonic acids 

with different surface coverage. The surface coverage in units of molecules per nm² were as indicated in the 

figure. 
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METHODS AND EXPERIMENTAL DETAILS 

Surface preparation and deposition of organic monolayers 

-Al2O3(0001) single crystals with a miscut of <0.1° were purchased from Impex HighTech (Germany). 

Prior to the deposition of AAP monolayers the -Al2O3(0001) surfaces were cleaned in a 80 °C piranha 

solution for 30 min and two times in an alkaline cleaning solution (1:1:5, NH3 (25%): H2O2 (35%): H2O) 

at 80 °C for at least 30 min. Immediately before depositing the monolayers, the substrates were removed 

from the cleaning solution and were extensively rinsed with ultrapure water and subsequently dried in a 

stream of nitrogen gas (>99.999 %, Westfalen). Ultrapure water (total organic carbon <5 ppb, 18.2 

Mcm) was obtained from a Millipore Reference A+ purification system and was used also as a 

subphase for Langmuir-Blodgett deposition of AAP monolayers. Synthesis of the butyl-AAP-C18 

phosphonic acid (Figure 1) and the Langmuir-Blodgett transfer27 of the monolayers to the -

Al2O3(0001) single crystals were done as described in detail in the Supporting Information. 

Photoswitching of the monolayers was done similarly in all experiments using LEDs with wavelengths 

of 520 nm (Roschwege, LSC-G) and 365 nm (Roschwege, Star-UV365-05-00-00) and by irradiating the 

samples with a different fluence that was adjusted to values between ~1.1 and 5 mWcm-2 at a wavelength 

of 520 nm and between ~1.25 and 7 mWcm-2 at a wavelength of 365 nm. In the results and discussion 

part, we will address the fluence dependence in detail. Contact angle goniometry was done using a Krüss 

DSA 100 (Germany) device that was equipped with a homebuilt cell for in situ irradiation of the samples 

with green and UV light. This cell was equipped with two OG 590 long-pass filters (Schott, Germany) 

to exclude additional influences from the ambient room light and from the goniometers white light 

source. The cell was continuously purged with nitrogen gas that was bubbled through ultrapure water in 

order to increase the relative humidity of the vapor phase to >90 % and to minimize evaporation of the 

sessile drop during contact angle measurements. Sessile drops with a volume of 10.2±0.14 µL and 

20.37±0.02 µL were deposited onto the surfaces and the collection of data was immediately started. In 

situ irradiation of the samples in the contact angle goniometer with UV and green light was done with 

the light sources noted above. For that, both LEDs were integrated in the measurement cell. 
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Broadband vibrational sum-frequency generation spectroscopy (SFG)  

Vibrational sum-frequency generation spectroscopy (SFG) is a second-order nonlinear spectroscopy that 

is broadly applied to study surfaces and interfaces.28–30 Sum-frequency photons are generated by two 

high intense laser beams: a frequency-tunable IR beam (𝜔𝐼𝑅) and a second beam at a fixed frequency 

(𝜔𝑣𝑖𝑠). Both beams are overlapped in time and space at an interface, where they generate a third beam 

with the sum frequency (SF) 𝜔𝑆𝐹 = 𝜔𝐼𝑅 + 𝜔𝑣𝑖𝑠  of the two incoming beams. The SFG intensity is 

directly proportional to the square of the effective second-order electric susceptibility, which is given as 

the sum of a nonresonant contribution  𝜒𝑁𝑅
(2)

 and resonant contributions  𝜒𝑅
(2)

: 28,31–33 

𝐼𝑆𝐹 ∝ |𝜒𝑁𝑅
(2)

+ ∑
𝐴𝑞𝑒𝑖𝜑𝑞

𝜔𝐼𝑅 − 𝜔𝑞 + 𝑖𝛤𝑞
𝑞

|

2

 

(1) 

While 𝜒𝑁𝑅
(2)

 is dominated by electronic excitations at the interface, 𝜒𝑅
(2)

 originates from molecular 

vibrations of interfacial molecules that can be resonantly excited by the incoming IR pulse. 

𝐴𝑞, 𝜔𝑞, 𝜑𝑞 and 𝛤𝑞 are the amplitude, the resonance frequency, phase (relative to 𝜒𝑁𝑅
(2)

) and homogenous 

line width of the qth vibrational mode. The amplitude 𝐴𝑞 = 𝑁 ⟨𝛽𝑞
(2)

⟩ is a function of the surface excess 

of adsorbed molecules 𝑁 and a function of the orientational average 〈… 〉 of the molecular 

hyperpolarizability 𝛽𝑞
(2)

. While 𝛽𝑞
(2)

 is linearly dependent on the Raman polarizability and the dynamic 

dipole moment of the vibrational mode, its orientational average has far reaching consequences for 

isotropic materials or materials with inversion symmetry where the orientational average is zero in the 

bulk material but necessarily nonzero at an interface. This makes SFG spectroscopy an inherently 

surface-selective method for these materials.  

The home-built setup of our broadband SFG spectrometer is described in detail elsewhere.34 In brief, it 

consists of a chirped pulse regenerative amplifier (Spectra Physics Solstice Ace, USA) which produces 

70 fs pulses at a center wavelength of 795 nm. 3.4 mJ of the available pulse energy was used to pump 

an optical parametric amplifier (Light Conversion TOPAS Prime, Lithuania) with a separate unit for 

noncollinear difference frequency generation. The tunable broadband femtosecond pulse in the mid-IR 

had a spectral bandwidth of >300 cm-1 and was overlapped with a time-asymmetric picosecond pulse at 

a wavelength of 804.1 nm that had a bandwidth of <5 cm-1. The vis and the IR pulse were focused at the 
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sample with incident angles of 55° and 60° with respect to the surface normal. Here, beam diameters of 

530 and 260 μm were established and both pulses overlapped in time and in space. To avoid possible 

radiation damage by the intense laser pulses, the pulse energies of vis and IR beams were both reduced 

to 15 µJ. SFG signals were collected in a reflection geometry and guided to the detection system that 

consisted of an Andor Kymera (Oxford Instruments, UK) spectrograph equipped with a 1200 lines/mm 

grating and an Andor Newton EMCCD that detected SFG photons with high efficiency. SFG spectra 

were recorded in this study by using a single IR center frequency and, thus, without tuning the IR pulse 

in order to reduce the time needed to acquire SFG spectra that was particularly important for the time-

dependent experiments. For equilibrated samples, very long acquisition times of up to 120 s were 

possible, while for samples far from equilibrium rapid acquisition of SFG spectra was required and the 

acquisition times varied between 1 and 10 s depending on the time constants of the switching processes 

(on which we will report in detail below). In order to increase the signal-to-noise (S/N) ratio of the SFG 

spectra when fast acquisition of spectra was required (e.g. 0.5 s per spectrum), we have performed the 

experiments on the switching kinetics up to 10 times. Subsequently, the SFG spectra were averaged 

from the different but identically performed kinetic runs during the E→Z (UV irradiation) and the Z→E 

(green irradiation) switching processes. This procedure resulted in a significantly improved S/N ratio. 

All SFG spectra were taken at s-polarized sum-frequency, s-polarized visible and p-polarized IR beams 

(ssp). SFG spectra taken at other polarization combinations are presented in the Supporting Information. 

All SFG spectra were normalized to the nonresonant SFG spectrum of an air-plasma cleaned thin gold 

film that was deposited on a silicon wafer. 

Atomistic simulations of the molecular system 

In order to investigate the interaction of the substrate with water molecules, we have performed 

molecular dynamic simulations for substrates with molecular monolayers that had different packing 

densities. For the simulations we used the package GROMACS35 and the generalized Amber force 

field.36 Butyl-AAP-C18 phosphonic acids (Figure 1) were placed in a rectangular simulation box with 

dimensions in x- and y-directions that were slightly dependent on the studied system but were not 

smaller than 16 nm and 5.4 nm, respectively. The restrained electrostatic potential (RESP) charges of 

the AAP molecules were calculated from the ESP charges using Antechamber.37 Therefore the geometry 
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of the molecule was optimized with Gaussian16 using a 6-31G(d) basis set.38–41 Afterwards the ESP 

charges were determined with a Hartree Fock calculation. Periodic boundary conditions were present in 

x- and y-direction while in z-direction the box was limited by an implicit wall. To calculate the 

interaction between the wall and the atoms a Lennard-Jones 9-3 potential was used. Since the walls 

should just kept the particles inside the simulation box, we chose a relatively small self-interaction 

parameter for the wall atoms of WL = 10-5 kJ mol-1 and a wall number density of wall = 0.01 nm-3. The 

phosphonic acid groups of the molecules were frozen in order to keep the molecules on their place. The 

time step was set to 2 fs and the cutoff for van-der-Waals as well as for Coulomb interactions was set to 

1.5 nm. Beyond this cut off Coulomb interactions were calculated with the smooth particle mesh Ewald 

(SPME) method42 with a correction for slab geometries.43 We used a v-rescale thermostat44 in order to 

keep the temperature of the system at 300 K. The parallel linear constraint solver (LINCS) algorithm45 

was used to kept hydrogen bonds constrained. An already equilibrated droplet consisting of 8 ⋅

103 TIP3P water46 molecules was placed on the surface and the system was equilibrated for 10 ns before 

snapshots were rendered with VMD.47 

Model simulations of the dynamical aspects of wetting  

Our model system consists of two types of particles, the substrate particles (denoted with 's') which are 

frozen and arranged in two layers of a fcc(111) lattice and the fluid particles (denoted with 'l'). All 

particles interact through the Lennard-Jones potential 

𝑉(𝑟𝑖𝑗) = 4𝜀𝑖𝑗 ((
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

)              (2) 

where 𝑟𝑖𝑗, 𝜀𝑖𝑗 and 𝜎𝑖𝑗 are the distance between particles i and j, the interaction strength between both 

particles calculated as the geometric mean of the self-interaction parameters 𝜀𝑖and 𝜀𝑗 and the arithmetic 

mean of their diameters 𝑟𝑖 and 𝑟𝑗, respectively. 

By varying the self-interaction parameter of the substrate 𝜀𝑠 (note that the interaction between fluid and 

substrate particles is 𝜀𝑠𝑙 = √𝜀𝑠 since we set 𝜀𝑙 = 1) we can change the wettability of the substrate. The 

potential is truncated and shifted at a cutoff-radius of 𝑟𝑐 = 2.5 𝜎. The system is simulated in a NVT 

ensemble with the package HOOMD.48 We set all particle diameters 𝜎𝑠 = 𝜎𝑙 = 𝜎 as well as the mass 
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𝑀 = 1. The temperature, which is controlled by a dissipative particle dynamics (DPD) thermostat49,50 is 

𝑘𝐵𝑇

𝜀𝑙
=  0.75 and the time step 𝜏 = (200 𝜎)−1√𝜀𝑙 𝑀⁄ . The system has periodic boundary conditions in 

x- and y-direction. In our simulations we use a total amount of 𝑁 = 4 ∙ 104 fluid particles. Every 

simulation setup is averaged over 50 trajectories. To obtain the contact angles of our droplets we average 

the density field of the fluid particles along the y-coordinate and calculate the position of the liquid-

vapor interface for different slabs in z-direction with the function   

𝜌𝑧(𝑥) =
1

2
(𝜌𝑙 + 𝜌𝑔) −

1

2
(𝜌𝑙 − 𝜌𝑔) tanh (

2(𝑥 − 𝑥𝛽(𝑧))

𝑑𝛽
)             (3) 

where 𝜌𝑧(𝑥)) is the density of the fluid at position x in slab z, 𝜌𝑙 and 𝜌𝑔 are the density of the fluid at 

position 𝑥, in the liquid and in the gas phase, respectively, 𝑥𝛽 is the position of the interface and 𝑑𝛽 is 

the width of this interface. The obtained values can be fitted with a circle and the contact angle is 

calculated from this fit. 

Analytical model of the wetting dynamics for time-dependent surface tension 

First, we want to address the dynamic contact angle by using an adaptation model for the interfacial 

energies which has been discussed in detail by Butt et al.4. In our work, we can make use of the advantage 

of having a single layer of molecules which reduces the complexity as opposed to e.g. polymer brushes 

and the fact that we actually determine the characteristic times for photo-switching on a molecular level 

from SFG spectroscopy (see below). For modeling, we can assume first-order kinetics where we use the 

effective rate constant 𝑘𝑒
𝐸→𝑍 =

1

𝜏𝐸→𝑍
. To describe the dynamic contact angle, one can use the known 

Young equation that describes the contact angle as a function of the interface tensions 𝛾𝐿, 𝛾𝑆 and 𝛾𝑆𝐿 

which arise from the liquid-gas, solid-gas and the solid-liquid interfaces:  

𝛾𝐿 cos Θ∞ = 𝛾𝑆,∞ − 𝛾𝑆𝐿,∞                   (4) 

Furthermore we are neglecting the influence of gravity and adaptation of the drop and, correspondingly, 

assume that the water molecules in the drop follow the transient changes in interface chemistry 

instantaneously. This assumes that the drop is always instantaneously equilibrated to the change in 

interface chemistry. This oversimplifies the processes during dynamic wetting and we will come back 
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to this issue below. In eqn. (5) the index “∞” indicates values of the interface tension and of the contact 

angle after switching and sufficient (infinite) long waiting times. As the photo-switchable layer can 

change the interface tension at the solid-liquid as well as at the solid-gas interface we write: 

𝛾𝑆𝐿 = 𝛾𝑆𝐿,∞ + ∆𝛾𝑆𝐿  𝑒
−

𝑡
𝜏𝐸→𝑍               (5) 

and 

𝛾𝑆 = 𝛾𝑆,∞ + ∆𝛾𝑆 𝑒
−

𝑡
𝜏𝐸→𝑍                   (6) 

Inserting eqns. (5) and (6) into Youngs equation (7) 

𝛾𝐿 cos(Θ(t)) = 𝛾𝑆 − 𝛾𝑆𝐿                    (7) 

and by rearranging and simplifying the result using eqn. (4) we get: 

cos(Θ(t)) = cos Θ∞ − (
∆𝛾𝑆𝐿 − ∆𝛾𝑆

𝛾𝐿
) 𝑒

−
𝑡

𝜏𝐸→𝑍              (8)  

We note that from eqn. (8) we expect that the change 𝑑 cos(Θ(t))/𝑑𝑡 very shortly after time zero is 

nonzero. Furthermore, since in this model we only consider the switching of the substrate, we implicitly 

assume that the liquid is at a given time always instantaneously equilibrated to the new interface energies 

(eqns. (7) and (8)).  

Next, we generalize this picture by taking into account the finite relaxation behavior of the liquid in the 

presence of a time-dependent surface tension. In the molecular kinetic theory of wetting51 the driving 

force is the deviation of the free energy from the equilibrium value. This free energy difference can be 

expressed by the difference of the cosine of the contact angle to its equilibrium value. The driving force 

yields a finite velocity of the contact line which, for fixed volume of the droplets, gives rise to a variation 

of the contact angle. In case of an infinitely fast switching process, this can be most generally written as 

𝑑

𝑑𝑡
cos (Θ(𝑡)) = −𝑘(Θ(𝑡))[cos (Θ(𝑡)) − cos (Θ𝑒𝑞)]              (9) 

The factor 𝑘(Θ) involves the kinetic factors as well as the relation between the contact angle and the 

width of the droplet for fixed volume of the droplet and typically under the assumption of spherical 
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symmetry. However, for small variations of the contact angle we can neglect the Θ −dependence of the 

prefactor 𝑘. In this way the relaxation process, as measured by cos(𝛩), is a simple exponential with the 

relaxation rate 𝑘. Indeed, as shown below, this is a very good approximation if compared with the 

simulated data in the limit of fast switching. Actually, even for different approaches for the driving force 

such as the use of the Cox-Voinov law,52,53 the linear eqn. (10) would remain valid as long as the change 

in contact angle is small.  

This approach allows us to take into account the time-dependence of the switching process by choosing 

a time-dependent equilibrium angle, i.e. Θ𝑒𝑞(𝑡), yielding 

𝑑

𝑑𝑡
cos(Θ(𝑡)) = −𝑘[cos (Θ(𝑡)) − cos (Θ𝑒𝑞(𝑡))]     .         (10) 

To simplify the description, we furthermore introduce the normalized contact angle    

𝑥(𝑡) = (cos(Θ(𝑡)) − cos Θ𝑓) (cos Θ𝑖 − cos Θ𝑓)⁄              (11) 

with Θ𝑖 the initial contact angle at time zero and Θ𝑓 the final contact angle when the system has reached 

the new equilibrium. With these variables, and assuming an exponential approach of the substrate 

properties towards its final state upon switching, we can express the cosine of the time-dependent 

equilibrium angle as (using 𝑘𝑒 =
1

𝜏𝐸→𝑍 
) 

cos(Θ𝑒𝑞(𝑡)) = cos(𝛩𝑓) + (cos Θ𝑖 − cos Θ𝑓)𝑒−𝑘𝑒𝑡             (12) 

Note that we introduced two independent relaxation rates: 𝑘 for the relaxation of the liquid (in the limit 

of a fast switching process) and 𝑘𝑒 for the relaxation of the substrate. Then we can simplify eqn. (10) 

as: 

(
𝑑

𝑑𝑡
) 𝑥(𝑡) =  −𝑘[𝑥(𝑡) − 𝑒−𝑘𝑒𝑡]                           (13)   

with the initial condition 𝑥(0) = 1. This inhomogeneous differential equation can be easily solved, 

yielding for 𝑘 ≠ 𝑘𝑒 

𝑥(𝑡) = −
𝑘𝑒

𝑘 − 𝑘𝑒
𝑒−𝑘𝑡 +

𝑘

𝑘 − 𝑘𝑒
 𝑒−𝑘𝑒𝑡          , (14) 
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thereby fulfilling the initial condition. For the special case 𝑘 = 𝑘𝑒 one would obtain 𝑥(𝑡) =

(1 + 𝑘𝑡) 𝑒−𝑘𝑡 . 

When estimating the effective characteristic time 𝜏𝑒𝑓𝑓 as ∫ 𝑥(𝑡) 𝑑𝑡 one obtains after a short calculation 

the relation 

𝜏𝑒𝑓𝑓 =
𝑘2 − 𝑘𝑒

2

𝑘𝑘𝑒(𝑘 − 𝑘𝑒)
=

𝑘 + 𝑘𝑒

𝑘𝑘𝑒
= 𝜏 + 𝜏𝑒                (15) 

where the relaxation times are the inverse of the respective relaxation rates. Furthermore, it turns out 

that (
𝑑

𝑑𝑡
) 𝑥(𝑡 = 0) = 0 for all combinations of k and ke, which is largely different from a simple 

exponential relaxation process. At this point we note that eqn. (15) is symmetric upon exchange of k and 

ke. This is a remarkable result as both rates are of very different molecular origin. 

 

RESULTS AND DISCUSSION 

UV\Vis spectroscopy of bulk molecules and their switching ability 

In Figure 2a, UV\Vis spectra of the butyl-AAP-C18 phosphonic acids are shown where the molecules 

were dissolved in chloroform and which report on the response of the isolated molecules in a solvent 

that does only weakly interact with the molecule as we will discuss below. For samples that were 

irradiated with green light or after thermal equilibration under dark condition, the UV\Vis spectra show 

a strong π → π* band at 337 nm. In addition, a weaker n → π* band at ~427 nm is noticeable. For 

samples that were irradiated by UV light, the absorbance of the π → π* band decreased substantially 

and was blue-shifted to ~315 nm, whereas the n → π* band increased in absorbance and was red-shifted 

to ~448 nm. 

Clearly, the molecules do switch to a large extend. From previous work,18 it is known that the switching 

kinetics of isolated molecules in the bulk are largely different to the interfacial kinetics. For that reason 

we want to focus here on the thermal stability of the Z configuration in two different solvents as this is 

also of great interest for the molecular changes and wetting dynamics of butyl-AAP-C18 phosphonic acid 

monolayers. In Figure 2b, we present the change in absorbance of butyl-AAP-C18 at a wavelength of 

337 nm which interrogates the π → π* band as a function of time after the samples were irradiated with 
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UV light and, thus, the Z form was predominant. Consequently, the increase in absorbance with time, 

while samples are kept under dark conditions, reports on the thermal relaxation from the Z to the E 

configuration and can be used to determine the thermal stability of the Z configuration. Clearly, the 

effect of the solvent on the thermal stability is dramatic: In chloroform already after 10 to 20 min the 

butyl-AAP-C18 phosphonic acid molecules relax back to the E form and thermal equilibrium was 

reached, while for methanol the time scale of the thermal relaxation is drastically different. The thermal 

stability of the Z isomer is several orders of magnitude higher and it takes days for the molecules to 

thermally relax from the Z into the E configuration (Figure 2b). We have to note that similar experiments 

of the molecules dissolved in water would be highly interesting, but the solubility in water was too poor 

to conduct these experiments. 

 

 

Figure 2 (a) UV/Vis spectra of butyl-AAP-C18 phosphonic acid with a concentration of 0.1 mM in 

chloroform as a solvent and for prolonged irradiation with 365 nm UV light (blue line) and 520 nm 

green light (green line). (b) Thermal stability of the Z isomer as inferred from the absorbance at a 

wavelength of 337 nm for 0.1 mM butyl-AAP-C18 phosphonic acid in chloroform (circles) as well as 

in methanol (squares) while the solutions were kept in the dark.  
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However, we can already draw an important conclusion from the results in Figure 2b: The drastically 

different thermal stabilities of butyl-AAP-C18 phosphonic acid moieties in chloroform and methanol are 

attributed to a stabilization of the Z state possibly through hydrogen bonding of the methanol’s O-H 

group with the exposed azo group of the Z configuration. At this point, we can hypothesize that the 

effects of H2O on the stabilization of the Z state might be even more pronounced. 

Photo-switchable AAP monolayers in equilibrium 

In Figure 3 we present SFG spectra of -Al2O3(0001) surfaces that were coated with a monolayer of 

butyl-AAP-C18 phosphonic acids (see SI) using the Langmuir-Blodgett27 technique. For all SFG 

experiments as well as the wetting experiments we have adjusted the coverage of the photoswitches on 

the -Al2O3(0001) surface to 6.7±0.5 molecules/nm2 (14.8±1.2 Å²), because this coverage has resulted 

in the largest switching ability of the layer in terms of relative changes in the SFG spectra which is 

discussed in some detail in the Supporting Information. Furthermore, the MD simulation shows that at 

a density of 4 molecules/nm², wetting of the butyl-AAP-C18 phosphonic acids layer with water does not 

lead to substantial restructuring of the layer when the molecules are in their E configuration (Figure 1). 

This is different for instance at much lower coverage of 2.04 molecules/nm² where a substantial 

restructuring of the monolayer in the presence of the water drop is observed. 

We recall that earlier works12,19,54 with azobenzene derivatives have shown that steric hindrance in 

closed-packed layers may prevent or severely reduce the ability of the layer for E/Z photoisomerization 

and, consequently, one has to compromise between the switching ability and sufficient surface coverage. 

Although the connection between switching ability and surface coverage is an interesting aspect, we 

concentrate here on the molecular structure changes of the butyl-AAP-C18 phosphonic acids on the 

aluminum oxide substrate as a function of light irradiation in relation to their wetting dynamics.  

For that we need in depth information on the layers’ kinetic changes after the light irradiation is changed 

and when the interfaces are far from their equilibrium.  

We point out that previous works13,18 have shown that arylazopyrazole derivatives e.g. in an aqueous 

solution exhibit the largest changes and the highest photostationary states for Z→E switching when 520 

nm visible light was used, while for E→Z switching UV light e.g. at a wavelength of 365 nm is 

necessary. 
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For that reason, we have applied light irradiation at these two specific wavelengths to drive the molecular 

changes in the butyl-AAP-C18 phosphonic acid monolayers. The SFG spectra in Figure 3 were recorded 

under continuous irradiation with either green light (E state) or UV light (Z state), respectively, and after 

the -Al2O3(0001) surfaces with butyl-AAP-C18 phosphonic acid monolayers were brought into an 

equilibrium. This was achieved by prolonged exposure to green or UV light. 

Once, equilibrium was reached the changes in the SFG spectra as a function of time were negligible. 

Figure 3a presents the SFG spectrum of a butyl-AAP-C18 phosphonic acid monolayer with the molecules 

in their E configuration (Figure 1) which shows a rather complex shape with a substantial non-resonant 

contribution 𝜒𝑁𝑅
(2)

 that heterodynes the resonant contribution and causes the apparent dispersive line 

shapes and the ‘offset’ in SFG intensity that is best seen at the low frequency side of the SFG spectra 

 

Figure 3. (a) Vibrational SFG spectra of butyl-AAP-C18 phosphonic acid monolayers with a coverage of 

6.7±0.5 molecules/nm² (14.8±1.2 Å² per molecule) on -Al2O3(0001). Depicted are spectra for three states of 

the monolayer: Two spectra for predominant E configuration of the molecules which was either achieved by 

prolonged and continuous irradiation with 520 nm light (green circles) or by thermally equilibrating the sample 

in the dark for 15 h (grey squares). Furthermore the SFG spectrum of molecules predominantly in their Z 

configuration is shown. This state was established by prolonged and continuous irradiation with 365 nm UV 

light (dark blue triangles). Solid lines correspond to nonlinear least square fits to the spectra as explained in 

the main text. (b) SFG amplitudes of the individual bands decomposed from the spectrum (green on) in (a). For 

further information on the fitting procedures and the fit parameters the reader is referred to the Supporting 

Information. 
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(2700 to 2800 cm-1). The fact, that photoswitchable molecules as well as dye molecules can exhibit a 

strong 𝜒𝑁𝑅
(2)

 contribution is well-known and has been discussed in several previous works which have 

mostly concentrated on air-water interfaces that were decorated by these molecules. For instance, Bonn 

and co-workers55 investigated photoswitchable lipids at the air-water interface and found similarly 

strong 𝜒𝑁𝑅
(2)

 contributions, while Schnurbus et al.18 could additionally show for AAP amphiphiles that 

𝜒𝑁𝑅
(2)

 is proportional to the surface excess of the AAP surfactants at the air-water interface. Schnurbus et 

al.18 related the relatively high 𝜒𝑁𝑅
(2)

 to the fact that the SFG wavelength of 650 nm is close to the optical 

transitions of the AAP moieties which can be switched efficiently at 520 nm. Therefore 𝜒𝑁𝑅
(2)

 is much 

higher as for optically transparent systems where the SFG wavelength is far away from optical 

transitions. In order to compare 𝜒𝑁𝑅
(2)

 for E and Z configurations, we first concentrate on the low 

frequency side of the SFG spectra in Figure 3, where a close inspection reveals a much lower 𝜒𝑁𝑅
(2)

 for 

the Z compared to the E state and where we can again use the apparent offset at 2700 - 2800 cm-1 in the 

SFG spectra as an estimate of the non-resonant contribution to the second-order electric susceptibility 

𝜒𝑁𝑅
(2)

. The reduction of 𝜒𝑁𝑅
(2)

 can be directly related to the electronic modification of the AAP moieties 

when they are switched from the E to the Z configuration. For example, this is seen as drastic changes 

in the absorbance spectra (Figure 2a). Clearly, the optical transitions of the Z configuration are more 

separated from the SFG wavelength and thus the differences in the relative strength of 𝜒𝑁𝑅
(2)

 for the 

molecules in their E/Z state can be directly related to the number density of molecules that become 

switched and thus electronically modified. In addition to 𝜒𝑁𝑅
(2)

 contributions, we observe distinct 

vibrational bands in the SFG spectra at 2853 and 2880 cm-1 which we attribute to symmetric stretching 

vibrations of methylene (𝑑+) and methyl (𝑟+) groups, whereas the bands at 2925, 2944, 2949 and 2986 

cm-1 arise from CH2 (𝑑𝐹𝑅
+ ) and CH3 (𝑟𝐹𝑅

+ ) Fermi resonances, CH3 antisymmetric stretching (𝑟−) and CH2 

antisymmetric stretching (𝑑−) vibrations and, respectively.56–58 Additional bands at 3036 and 3058 cm-

1 can be noticed in Figure 3 and are attributed to aromatic C-H stretching vibrations at the aromatic59 

and at the triazole groups of the butyl-AAP-C18 phosphonic acid monolayer, respectively. All bands are 

observed for both E and Z configurations, but E/Z photoisomerization of the butyl-AAP-C18 phosphonic 
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acid monolayer causes an overall decrease in SFG intensity which can be associated to a decrease in 

𝜒𝑁𝑅
(2)

 but also to a change in the amplitude of the resonant 𝑟− contributions. 

At this point we note that the SFG spectra show a relatively strong 𝑑+ band, which is expected to be 

fairly small if all alkyl chains of the molecules in the monolayer are in their trans state without a high 

concentration of gauche conformations. Since this is obviously not the case and the strong 𝑑+ band was 

observed independent of the surface pressure used during Langmuir-Blodgett transfer of the layer 

(Supporting Information) we take the strength of the 𝑑+ band relative to the 𝑟+ band as a qualitative 

indicator for the presence of gauche conformations in the undecyl chain from the phosphonic acid anchor 

to the triazole group of our monolayer (see Figure 1). This is consistent with earlier works,60–62 where 

self-assembled monolayers of alkyl phosphonic acids with different chain lengths (C8 to C18) were 

studied on aluminum oxide as well as on other interfaces. The lateral attractive van der Waals 

interactions in monolayers are only in the presence of very long alkyl chains e.g. for octadecyl 

phosphonic acids sufficiently high enough to drive the alkyl chains in an all-trans configuration, while 

in other systems with shorter alkyl chains (<C18), gauche conformations were present. In order to analyze 

the apparent changes in the SFG spectra in Figure 3 in more detail, we have performed non-linear least 

square fits to the spectra using model function with Lorentzian line shapes (eqn. (1)). For that we have 

initially fitted the SFG spectrum of the sample with the molecules in their E configuration allowing all 

parameters (𝐴𝑞, 𝜔𝑞, and 𝛤𝑞) to vary within limits. In the Supporting Information we provide the full 

parameter sets used for fitting the spectra in Table S1.  

At this point the exact numbers are not relevant for the discussion, where we concentrate only on their 

relative changes. Using the fitted spectrum for the E configuration as a starting point, we have also fitted 

the SFG spectrum of the molecules in their Z state. This was done by allowing only the amplitudes of 

the vibrational bands and 𝜒𝑁𝑅
(2)

 to vary. In fact, the amplitudes of the 𝑟− changed together with the 𝜒𝑁𝑅
(2)

 

contribution (Supporting Information, Table S1), while the changes of the other bands were very small 

(SI). These changes are in contrast to the 𝑑+ and 𝑟+ bands which do not change with light irradiation 

and which we, thus, relate mostly to the residual part of the molecules that is located below the azo 

group and which is not changing orientation during E/Z photoisomerization (see again Figure 1). 
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Photo-switching kinetics of butyl-AAP-C18-P monolayers on -Al2O3(0001) 

To address also non-equilibrium properties and the switching of the monolayer at the molecular level, 

we have additionally performed time-dependent SFG spectroscopy that is capable of tracking the 

switching kinetics in situ. For that, we have first equilibrated the samples through prolonged irradiation 

with 520 nm green light which establishes the E configuration of the molecules in the monolayer and, 

subsequently, switched the light source from green to 365 nm UV light within <1 s. This triggers the 

E→Z configurational change within the monolayer and was done while SFG spectra were continuously 

recorded at a rate of one spectrum per second. This has allowed us to track the changes in molecular 

structure during the transition from one equilibrium structure to the other. Once a new equilibrium was 

reached, the light irradiation was again switched but now from UV to green light, while the integration 

per SFG spectrum was increased to 10 s and consecutive SFG spectra were recorded until the sample 

 

Figure 4. (a) Time-dependent SFG spectra for Z→E switching of a butyl-AAP-C18 phosphonic acid monolayer 

on -Al2O3(0001) after changing the light irradiation from 365 nm UV to 520 nm green light (1.1 mW/cm²) at 

t=0 s. (b) Time-dependent SFG spectra for E→Z switching of the monolayer after the irradiation was switched 

from green to UV light (2.5 mW/cm²) at t=0 s.  
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was equilibrated again. This procedure was repeated up to 10 times and the SFG spectra from each 

switching half cycle were averaged to increase the S/N ratio as explained in the experimental details 

part. The results of these experiments with the samples in a non-equilibrium state are presented in Figure 

4. Clearly, the changes in the SFG spectra during the E/Z photo-isomerization of the AAP moieties are 

within a few seconds for E→Z switching and a few minutes for Z→E switching, while the overall 

changes in the SFG spectra from one equilibrium state to the other are consistent to what is shown in 

Figure 3. In order to analyze the dynamic changes in the spectra in Figure 4 quantitatively, we have first 

integrated the off-resonance intensity at the low frequency side (<2800 cm-1) of the SFG spectra in 

Figure 4, which we take as a reference for the changes in the non-resonant contribution 𝜒𝑁𝑅
(2)

. As we have 

already discussed in the previous section the apparent changes of the 𝑑+ and 𝑟+ bands are only caused 

by changes in 𝜒𝑁𝑅
(2)

 contributions, whereas the amplitude of the 𝑟− band does also change with E/Z 

configuration (see Table S1 and Figure S4 in SI). The latter is also seen by a close inspection of Figures 

4a and 4b where the intensity change of the 𝑟− band closely follows the change of 𝜒𝑁𝑅
(2)  in time. Since 

𝜒𝑁𝑅
(2)

 provides information on the modifications in the electronic structure of the AAP moieties, while 

the resonant contributions report on the structural changes of the monolayer, it is interesting to discuss 

whether the changes in electronic and molecular structure are actually synchronized. For that reason, we 

have additionally fitted the SFG spectra in Figure 4 with model functions according to eqn. (1) and plot 

the amplitudes of the 𝜒𝑁𝑅
(2)

 and the 𝑟− contributions as a function of time in Figure S4 of the Supporting 

Information, while we show in Figures 5a and 5b the integrated SFG intensity proportional to |𝜒𝑁𝑅
(2)

|
2
 as 

a function of time and for Z→E and E→Z switching, respectively.  

In order to gain information on the characteristic times for each transition we have fitted the dynamic 

changes in SFG intensity and amplitude (Figures 5 and S4) assuming first-order kinetics  

𝐶(𝑡) = 𝐶0 + 𝐶∞(1 − 𝑒−𝑘𝑒 𝑡)                (16) 

where 𝐶(𝑡) correspond to the change in SFG signal or non-resonant contribution for E→Z or Z→E 

switching and 𝑘𝑒 is an effective rate constant for the switching process with 𝜏 = 𝑘𝑒
−1 the corresponding 

characteristic switching time. The characteristic switching times that we can derive from the effective 

rate constants by fitting the results in Figures 5a and 5b using eqn. (16) are for 𝜏𝐸→𝑍 equal to ≈1 s, 4 s, 
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8 s and 15 s when the light intensity at 365 nm irradiation was adjusted to 7, 5, 2.5 and 1.25 mW/m², 

respectively. Thus, 𝜏𝐸→𝑍 varies linearly with the light intensity, while the characteristic time 𝜏𝑍→𝐸 of 

the reverse process was in the range of 167 to 237 s and did not vary linearly with light intensity at 520 

nm when the latter was varied between 1.25 and 5 mW/cm² (Table 1).  

Before we discuss the dependence on the light irradiance of the light source, we come back to the earlier 

question if the electronic and molecular structure changes are synchronized. For that, we compare the 

kinetic changes of 𝜒𝑁𝑅
(2)

 and 𝑟− contributions in Figure S4 (Supporting Information), and determine the 

characteristic times for E/Z switching separately for the nonresonant contribution and the 𝑟− resonant 

contribution. In fact, we can model the time dependence of both amplitudes with the identical time 

constant that was also used to fit the intensity-based data. Consequently, we can conclude that within 

the experimental scatter both electronic and structural changes of the AAP monolayers are indeed 

synchronized. The excellent overlap between the two approaches brings also strong support to our 

analysis of the integrated intensities, from which we expect smaller errors as the signal-to-noise ratio of 

results is significantly higher (e.g. compare Figures 5b and S4d).  

The rate constant 𝑘𝑒 must be dependent on the irradiance of the light source 𝐼, the absorbance of the 

sample 𝛼(𝜆) and the wavelength 𝜆 that is used to trigger the E/Z photoisomerization within the 

monolayer.  

From these characteristic times or effective rate constants, we cannot directly infer the intrinsic rate 

constants 𝑘𝑒 ∝ 𝑘𝑖  
 ℎ𝐶0

𝜆
 α 𝐼 for E/Z photoisomerization of the butyl-AAP-C18 phosphonic acid 

monolayers. However, we can use the ratio 

𝜏𝐸→𝑍

𝜏𝑍→𝐸
=

𝑘𝑒
𝑍→𝐸

𝑘𝑒
𝐸→𝑍 =

𝑘𝑖
𝑍→𝐸

𝑘𝑖
𝐸→𝑍  

𝐼520 𝛼520𝜆365

𝐼365𝛼365𝜆520
       (17) 

to provide a better comparison of the intrinsic switching kinetics of the E/Z photoisomerization. For that 

we are using the absorbance at a wavelength of 520 and 365 nm which we can determine to 0.145 and 

0.875, respectively, from the results shown in Figure 2. Further, we use a fluence of 2.5 mW/cm² for 
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both the green as well as the UV LED light sources to determine the ratio of the intrinsic rate constants 

from effective rate constants (or alternatively the effective characteristic times):  

𝑘𝑖
𝑍→𝐸

𝑘𝑖
𝐸→𝑍 =

𝜏𝐸→𝑍

𝜏𝑍→𝐸
 
𝐼365𝛼365𝜆520

𝐼520 𝛼520𝜆365
= 0.011                    (18)       

Using this relation, we can also express the intrinsic switching times as the inverse of the intrinsic rate 

constants and obtain accordingly: 𝜏𝑖
𝑍→𝐸 ≈ 91 ∙  𝜏𝑖

𝐸→𝑍 

 

  

 

Figure 5 (a) and (b) present the integrated SFG intensity of the resonant and nonresonant 

contributions as a function of time after irradiation with green and UV light was initiated at t=0 s, 

respectively. For (a) the samples were at t<0 s irradiated with UV light and t>0 s with green light 

while for (b) the samples were irradiated with UV light t<0 s which was switched at t>0 s to green 

light until equilibrium was reached. The legend indicates the light intensity in mW/cm2. (c) Presents 

the stability of the Z isomers in the AAP monolayer as a function of time while the sample was kept 

in the dark. Initially the relative humidity was set to 5% (red squares), then changed to 28 % (black 

diamonds) and then changed back to 5 % (black circles). 
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We have to point out that the apparent switching kinetics presented in Figure 5 are dominated by external 

factors such as the photon flux to the surface which can be used to accelerate or slow down the E/Z 

photoisomerization. This is consistent with earlier works of E→Z switching of azobenzene thiols on a 

gold surface by Krekiehn et al.10 which do show an even more complicated behavior. This was caused 

by the short thermal lifetime of the Z state which also drastically affected the photostationary state for 

the classical azo derivatives used by these authors.  

For our AAP photoswitches, the photostationary states are expected to be typically >90 % and 

exceptionally long thermal life times are expected as well which have been both reported before.15,63 

However, the stability of the Z configuration dissolved in chloroform was relatively poor and the 

molecules returned from the Z into the E state within minutes (Figure 2b), while in methanol the Z 

configuration was actually stable for many hours. Consequently, it is a priori not clear if the lifetime of 

the Z configuration in the monolayer is long enough to neglect thermal relaxation of the Z configuration. 

This calls for additional SFG experiments to reveal the stability of the Z form within the monolayer of 

surface-adsorbed AAP molecules. In order to gain information on the Z stability, we have done 

additional experiments in air of different relative humidity and report on the changes during transition 

from the Z to the E state under dark conditions (Figure 5c). Obviously, the effect of relative humidity is 

drastic as only a fraction of the molecules was able to thermally relax to the E state when the humidity 

was 28 % while at 5 % relative humidity almost all molecules returned to the E state. This can be 

concluded from a close comparison of the green irradiated sample with the thermalized sample (no light 

irradiation) in Figure 3a, where the SFG intensity of the thermalized sample is overall lower than the 

intensity of the green irradiated sample. This indicates that not all molecules have returned to the E state 

when the sample was kept in the dark.  

For quantification of the thermal stability, we have again assumed first-order kinetics and fitted the 

results in Figure 5c using eqn. (16). The thermal lifetime that we have obtained from this analysis was 

244 min for both conditions at 28 and 5 % relative humidity, which is an order of magnitude longer than 

the effective switching times when the samples where irradiated with UV light. Consequently, we can 

safely assume for the butyl-AAP-C18 phosphonic acid monolayers in our study that thermal relaxation 

can be neglected on the time scale where the light-triggered changes occur. Thus, we conclude that the 
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intrinsic E→Z switching kinetics of the monolayer is by a factor of ≈ 91 faster (eqn. (18)) compared to 

the Z→E switching. We propose that the slower Z→E kinetics are likely due to a self-assembly process 

that requires more time to densely pack the molecules in their E configuration. Since the experiments 

were conducted in the presence of water, where the vapor phase had a relative humidity of <8 %, the 

interaction of water with the AAP monolayer has to be taken into account as well. This is corroborated 

by the study of Moldt et al.9, who have shown for azobenzene monolayers that the switching kinetics 

can be severely affected by the presence of water and, where, the authors have proposed a stabilization 

of Z configuration through interaction with water. We believe that H2O likely interacts with the exposed 

polar azo groups of the monolayer when the AAP moieties are in their Z state. From this discussion, we 

conclude that water needs to be considered as a relevant factor which can influence the switching 

kinetics and we will come back to this question when discussing the wetting dynamics in detail below. 

Wetting dynamics of photo-switchable butyl-AAP-C18 phosphonic acid monolayers 

In Figure 6 we present the dynamic contact angle that was determined from a sessile drop of water in 

contact with a butyl-AAP-C18 phosphonic acid monolayer at the -Al2O3(0001) surface. Modification 

of the hydrophilic -Al2O3(0001) surface with the AAP monolayer causes the contact angle Θ to increase 

to >83°, when the AAP moieties in the monolayer were in their E configuration which was prepared by 

prolonged exposure to green light. For the contact angle experiments, the samples were irradiated in situ 

with either 520 nm green or 365 nm UV light and the change of the light source was also performed in 

situ within <1 s, while the dynamic changes in Θ were continuously monitored. After initially depositing 

a drop of water on the surface, Θ already decreased with a certain rate which we attribute to a small 

degree of relaxation or adaptation of the monolayer when it is brought in contact with bulk water at the 

solid-liquid interface. Although the relative humidity of the vapor phase was with >90 % relatively high, 

also slow evaporation of the drop could additionally contribute to the changes on rather long time scales. 

The changes in contact angle are, however, much more pronounced and on a faster time scale when the 

light irradiation was switched from green to UV light which caused the E→Z photo-isomerization of the 

butyl-AAP-C18 phosphonic acid monolayer. Here a sharper decrease in contact angle up to |ΔΘ|~10° can 

be observed when the drop was brought in contact with the monolayer for the first time and then 

irradiated with UV light to initiate the E to Z switching of the monolayer. 
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Dewetting experiments where we irradiated the samples with green light to forcefully switch the 

monolayer back from the Z to the E state were unsuccessful. In fact, as long as the water drop was in 

contact with the monolayer, the contact angle that was established after E→Z switching could not be 

reversed to its initial higher value. However, we also observed reversible changes in contact angle, when 

the drop was first withdrawn from the surface, the monolayer exposed again to the vapor phase while it 

was continuously irradiated with green light. In that case, subsequent wetting of the identical surface 

area resulted in a reversible change by |ΔΘ| ~6° (see Figure 6b). From this observation, we conclude 

that the monolayer can maintain its switching ability after wetting with water, but the energy barrier for 

Z→E switching is much higher when the monolayer is immersed in water. As a consequence the Z state 

remains ‘frozen’ and unable to change back into the E state when the light irradiation changes. 

 

  

 

Figure 6. (a) Dynamic changes in the contact angle for monolayers butyl-AAP-C18 phosphonic acids on -

Al2O3(0001) as a function of time. For that a water drop with a volume of 10 µL was deposited on the surface 

under green light irradiation and after 300 s the irradiation was changed from green to UV light to induce the 

E→Z configurational change. This was done with fluence of 1.25, 2.5 and 5 mW/cm². (b) Shows the reversibility 

in switching of the static contact angle when the drop was removed from the surface, while the irradiation was 

changed and wetted again. For that the identical surface area was taken.  
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This is consistent with our results from SFG spectroscopy of the monolayer in different relative humidity 

as well as with the work by Moldt et al.9. Although in the latter work, the authors have not studied the 

wetting dynamics of their azobenzene monolayers, but reported on the stabilization of the Z 

configuration in the presence of water from the vapor phase which resulted in different photostationary 

states and switching kinetics. In order to model the results with one of the two models presented in the 

Materials and Methods section we need to disentangle the effects of the slow relaxation of the layer and 

possibly also from the evaporation of the drop as well as from the light induced effects on the dynamic 

contact angle. Clearly any data analysis with the models for dynamic wetting is impaired by the slow 

process. For that reason, we have subtracted the almost linear contribution from our data (see Figure 6a 

at long times) and concentrate on the light triggered changes in more detail below. The corrected values 

are shown in Figures 7a and 7b where we plot cos Θ(t) for the different fluence of the UV light as well 

as for two different droplet sizes which has allowed us to change the wetting dynamic within limits. 

A close inspection of Figures 7a,b already reveals that the time scales of wetting dynamics are largely 

different from what one expects if the wettability changes with UV light would simply follow the 

molecular changes e.g. at the solid-vapor interface (1 to 15 s, Table 1). We point out that the dependence 

on the UV fluence as seen for the switching of the monolayer without direct contact with liquid water, 

is still present in the dynamic wetting experiment and is, consequently, indicative for the time needed 

to switch the substrate. Clearly, the switching kinetics of the photoswitchable substrate are of relevance 

to the dynamic contact angle. For a better understanding of the mutual interplay of switching kinetics 

and the resulting wetting dynamics we now resort to simulation and theoretical modelling.  

Modelling the wetting dynamics with coupled substrate and drop dynamics 

To capture the combined effects of the drop and substrate dynamic we have performed additional 

simulations using a Lennard Jones system (Materials and Methods) with a setup in close analogy to the 

experimental situation. In a first step we determined the values of 𝜀𝑠 where the contact angles have 

approximately the values as observed in the experiments of ~84° when the molecules in the layer are in 

their E configuration and ~73° when the molecules are in the Z state. From that we 

determine 𝜀𝑠,𝐸 =0.3411 and 𝜀𝑠,𝑍 =0.3816 for E and Z states, respectively. In a further step we 
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equilibrated a droplet on a surface with the interaction parameter 𝜀𝑠,𝐸 and switched it instantaneously to 

𝜀𝑠,𝑍. Thus, we can extract the time dependent contact angle of this process and fit an exponential curve 

to the obtained values, yielding the relaxation time 𝜏 or the corresponding relaxation rate k. 

From the SFG experiments (see above), we can conclude that the wettability of the surface does not 

change instantaneously and we, therefore, assumed that the parameter 𝜀𝑠 increases exponentially from 

𝜀𝑠,𝐸 to 𝜀𝑠,𝑍. with the relaxation time 𝜏𝑒 or, analogously, the switching rate 𝑘𝑒 =
1

𝜏𝑒
. In practice, we have 

updated the energy 𝜀𝑠 in sufficiently small time steps. To explore the interplay of substrate and wetting 

dynamics, we have also used different switching rates. Using the definition 𝑟 =
𝑘

𝑘𝑒
 this can be expressed 

via different values of 𝑟. Note that a ratio of 𝑟 = 0 means instantaneous switching. 

The change of the contact angle with time for different values of 𝑟 can be seen in Figure 7c, where we 

show the results for 𝑟-values between 0 and 16. If the substrate is switched infinitely slow, the droplet 

is fully equilibrated to the newly established wettability of the surface that is connected to the molecular 

changes in the substrate surface. In Figure 7d the time dependent contact angle of a switching process 

is plotted against the contact angle which the droplet would have if it was fully equilibrated to the 

instantaneous wettability at each time step. For 𝑟 ≤ 1 significant non-equilibrium effects are visible, i.e. 

the droplet dynamics are too slow to follow the switching of the substrate. These data can be taken to 

elucidate the relevance of the analytically solvable model that we have described in the Materials and 

Methods section and which boils down to eqn. (14). The model predictions are also plotted in Figure 7c 

and Figure 7d. Since the value of k is fixed from the simulation with infinitely fast switching, no 

adjustable parameters are involved. The very good agreement shows that despite its simplicity, the 

model captures the key aspects of the interplay of substrate and droplet dynamics. Having established 

that model, connecting the intrinsic characteristic time e.g. that of the AAP monolayer which modulates 

the wettability of the solid surface with the relaxation time of the drop, we can now apply this model to 

the experimental data in Figures 7a and 7b. Following the results for the switching of the monolayer we 

assume that its characteristic inverse switching time is proportional to the UV fluence. Specifically, for 

the experimentally chosen fluences (1.25, 2.5, 5 and 7 mW/cm²) we assume inverse switching times 

with ratios 1:2:4:5. 
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Figure 7. (a) and (b) show the experimental results from a dynamic wetting experiment during E→Z 

switching with different fluence of the UV light in units of mW/cm² and for a drop volume of 20 and 

10 µL, respectively. (c) Contact angles versus time step for different 𝑘 𝑘𝑒⁄  ratios with 0 (infinitely fast 

switching of the substrate), 0.25, 0.5, 1, 2, 4, and 8 which are color coded from yellow to dark blue, 

respectively. In addition, we present the corresponding fits of the model function. The solid lines 

indicate the values from the simulations, while the dashed lines show the results of the model 

according to eqn. (14). The simulations have been performed for constant k and varying ke.(d) Time 

dependent contact angle versus the equilibrium contact angle at the instantaneous wettability, using 

the same 𝑘 𝑘𝑒⁄  values as in (c). The solid lines mark the values of the simulations, while the dashed 

lines the results of the model. 
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Furthermore, we assume that these switching times do not depend on the volume of the droplet, i.e. are 

the same for the data presented in Figures 7a and 7b. Then we performed a global fit, based on eqn. (14) 

with three adjustable parameters for the whole set of data in these curves. These parameters are the 

inverse switching time ke at the lowest UV fluence and the droplet relaxation rate k for each droplet 

volume (20 and 10 µL, respectively). The results of our fitting procedures are shown in Figure 7a,b 

where we find very good agreement with the experimental results. The characteristic times for the 

apparent dynamics of the substrate upon irradiation with UV light are summarized in Table 1, where 

they can be compared by the effective time constants of the non-wetted layer in the vapor phase. Note 

that in particular the plateau-like shape and small curvature at early times is inconsistent with the simple 

exponential relaxation model. This model assumes instantaneous equilibration of the drop to the new 

interface energies caused by E to Z switching. This is different in the analytical model (eqn. (14)) which 

is, in fact, capable of describing this peculiar feature of the dynamic contact angle. The characteristic 

times that we obtained for the drop dynamics are 80 and 52 s for a drop volume 𝑉 of 20 and 10 µL, 

respectively. They are by factor of 1.55 different. According to earlier works64 the characteristic time of 

the drop dynamic is suggested to scale with √𝑉. The factor 1.55 that we gain from comparing the times 

for 20 and 10 µL is, thus, within expectation (√2). Furthermore, the assumption that the droplet 

relaxation does not depend on droplet size, seems to be fulfilled to a very good approximation. It is thus 

possible just from fitting the experimental data for the larger droplet to fully predict the outcome for the 

experiments with the smaller droplet. For low fluence the value of 𝑟 as introduced above, is below or 

close to unity (in particular for the smaller droplet). Thus, we indeed have the situation that the droplet 

can no longer follow the switching process via its equilibrium shape. 

From Table 1 one can observe that the difference between the characteristic times of the monolayer and 

for the dynamic contact angle is substantial and amounts to approximately a factor of 6. Thus, the 

presence of a water droplet slows down the relaxation process from the E to the Z configuration. In fact, 

the apparent differences in characteristic times is likely associated to friction caused by water molecules 

as suggested earlier by Johansson et al.65 for wetting of silica surfaces. However, the approximately 

linear relation between UV fluence and switching time, as observed in pure monolayers, is still valid as 

seen from the high quality of the fit. This indicates that the mechanisms of the molecular switching of 
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the AAP monolayer remains similar. As an additional effect, hydrogen bonds between water and the 

exposed azo groups could be formed which do also keep the AAP layer locked in its Z configuration 

and increase the thermal stability of the Z state as discussed above.   

 

Table 1 Characteristic times for switching of the contact angle (CA) 

and the nonwetted monolayer in the vapor phase for different fluence 

of UV and green light irradiation. 𝝉 and 𝝉𝒆 correspond to the drop 

and substrate dynamic during wetting, respectively. 𝝉𝑬→𝒁  and  

𝝉𝒁→𝑬 are the characteristic switching times of the monolayer in the 

absence of a wetting liquid. 

Fluence CA 

10 µL 

CA 

20 µL 

CA Monolayer 

mWcm-2 𝜏 / s 𝜏 / s 𝜏𝑒 / s 𝜏𝐸→𝑍 / 

s 
𝜏𝑍→𝐸 / s 

1.25 52 80 87 15 167 

2.5 52 80 43 8 237 

5 52 80 22 4 170 

7 52 80 17 (1)a - 
a Note that this value is based only on two data points due to the 

limited time resolution in the experiment (see Figure 6b). 
 

SUMMARY AND CONCLUSIONS 

In this work we combine experiments and simulations in order to address both the molecular changes of 

a photoswitchable monolayer during E/Z photo-isomerization as well as the wetting dynamics that are 

caused by E→Z configurational changes of the monolayer while it is in contact with a drop of water. 

For that we have synthesized arylazopyrazole phosphonic acid molecules (butyl-AAP-C18PA) and 

deposited these molecules on -Al2O3(0001) single crystals. Using the Langmuir-Blodgett technique, 

we have adjusted the surface density of butyl-AAP-C18 phosphonic acids to 6.7±0.5 molecules/nm2. This 

surface density facilitates large changes in molecular structure that we have interrogated by applying 

time-dependent vibrational SFG spectroscopy, while the interaction of water with the AAP layers was 

additionally investigated with MD simulations. They show that the density used in our experiments is 

high enough to avoid penetration of water into the layer and, thus, to prevent an unwanted complexity 

during wetting of the layers. E→Z switching of the monolayers is relatively fast in the vapor phase, 

where the characteristic time of the switching process is linearly dependent on fluence of the UV light 

used to trigger the process. Characteristic times for E→Z switching range between 1 and 15 s, whereas 
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Z→E switching is with ~160 s considerably slower. This difference is attributed to a slow self-

organization process for the Z to the E transition. Further, we demonstrate that water can stabilize the Z 

configuration and even lock the molecules in this state. This has far reaching consequences for the 

wetting behavior, because the layer cannot be switched back to the E configuration while it is in contact 

with water. Additional experiments and simulations were performed in order to decouple the effects of 

drop and substrate dynamics on the dynamic contact angle. We show that the characteristic times of 

both processes need to be considered in a wetting experiments. Based on a minimalistic model, verified 

for a simulation setup based on Lennard-Jones particles on a substrate, we could indeed disentangle both 

processes in a quantitative manner. It turns out that the characteristic times for the drop and the substrate 

dynamics are very similar and within 50 to 150 s, where we show that the dynamics can be adjusted in 

a way that the drop dynamic is either directly following the wettability changes of the substrate or that 

the drop is too slow to follow. In addition, the wetting transition during E→Z photoisomerization is on 

a different time scale as compared to the monolayer in the vapor phase. This is attributed to additional 

friction that is likely caused by water molecules forming hydrogen bond to the exposed azo groups, 

which do also contribute to the stabilization of the Z configuration. 
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